demonstrated that multiple copies of the vector integrated into the chromosomal DNA of stable biotypes but not of abortive transformants. Analysis of nuclear condition in vegetative and asexual structures demonstrated that no structure of G. virens is dependably uninucleate and thus preferentially suitable for transformation.
Microbial pest control agents have been proposed for use in integrated pest management systems to reduce the amount of fungicide added to the environment (2, 21) . Members of the genus Gliocladium and their Trichoderma relatives are soil-borne filamentous fungi that are among early, aggressive, visible colonizers of disinfected soil (19) . They have been extensively studied and appear useful as biocontrol agents of fungal plant pathogens (19) , especially for the nursery industry in greenhouse crops (11, 12) . Gliocladium virens shows particular promise, in greenhouse settings, as a microbial pest control agent against several important fungal pathogens. It reduced damping-off of zinnia, cotton, and cabbage, providing the most effective disease control among 50 isolates of other fungi and bacteria (12) , and it has been demonstrated to significantly reduce bean damping-off and seedling blight caused by the pathogen Sclerotium rolfsii (22) .
G. virens has not been used as a microbial pest control agent where benomyl is employed, because it has no natural resistance to this benzimidazole fungicide (11) . Benomyl functions as an antimitotic by binding to fungal j-tubulin and preventing microtubule polymerization (4) . Resistance is conferred by mutations in P-tubulin genes and can usually be generated in fungi by mutagenesis.
To improve the usefulness of G. virens as a microbial pest control agent we undertook studies to genetically modify it. As a first step, we chose to increase its suitability for use in conjunction with benomyl by developing resistant biotypes. Difficulties in induction of benomyl resistance in G. virens by UV mutagenesis (20) centrifuge for 10 min. Protoplasts floated to the interface and were recovered with a pipette, whereas conidia, damaged protoplasts, and mycelial debris pelleted. The collected protoplasts were diluted with STC (1 M sorbitol, 10 mM Tris [pH 7.5], 10 mM CaCl2) and centrifuged (1,400 x g, 5 min) to wash away remaining enzyme. The protoplasts were suspended in STC at 108 cells per ml for transformation. Cell wall digestion was monitored by staining protoplasts with 0.01% calcofluor white ST (American Cyanamid, Danbury, Conn.) (25) . Nuclei were counted after fixing in acetic acid-ethanol (1:3) plus 0.6 M sorbitol and staining with 1 ,g of 4',6'-diamidino-2-phenylindole (Sigma) per ml (9) . Protoplast viability was estimated by staining with 100 ,ug of fluorescein diacetate (Sigma) per ml in 0.6 M sorbitol (27) . Structures were viewed with an incident-light fluorescence microscope with appropriate filters for each stain. Counts of conidia or protoplasts were made with a light microscope in a Petroff-Hausser bacterial counting chamber; 100 or more of each cell type were routinely counted.
Transformation. Three to 5 ,ug of vector DNA in 16 ,ul of TE (10 mM Tris [pH 7.5], 1 mM EDTA) were added to 200 ,ul of protoplasts, followed by 50 pI of PEG-TC (25% polyethylene glycol 6000, 10 mM Tris [pH 7.5], 50 mM CaCl2). The mixture was placed on ice for 20 min. An additional 2.5 ml of PEG-TC was added, and the mixture was placed at room temperature for 20 min. Protoplasts were pelleted by centrifugation (1,400 x g, 5 min) and suspended in 2.5 ml of half-strength PDB containing 1 M sorbitol as the osmoticum. Protoplasts were left at room temperature overnight (10 to 12 h) in this medium to allow cell wall regeneration. The next morning they were plated on a selective medium composed of PDA without osmoticum and containing 1 RESULTS Before purification by flotation, 34 to 47% of protoplasts were viable, as measured by fluorescein diacetate staining. Viability of the purified protoplast population recovered from the gradient ranged from 80 to 87%. The number of nuclei per protoplast ranged from 1 to 6 with a mean of 2.6, whereas hyphal sections contained 1 to 14 nuclei with a mean of 4.7. Approximately 70o of conidia had a single nucleus, with nuclear counts ranging from 1 to 4 and a mean of 1.4, and nuclear counts for chlamydospores ranged from 3 to 8 with a mean of 5.1. The distributions of nuclear numbers for these structures are shown in Fig. 1 Figure 2 shows an agarose gel separation of total DNAs and the corresponding Southern blot from two stable transformants (Gl-21-T1 and Gl-21-T2), two abortive transformants (Gl-21-B1 and Gl-21-B2), the untransformed recipient Gl-21, and plasmid pBT6. The DNA was digested with PstI, which cuts the circular pBT6 at a single site just outside the 3.1-kilobase N. crassa 1-tubulin gene, or with SmaI, which does not cut pBT6. The Southern blot was probed with pBT6. The abortive transformants completely lacked integrated vector sequences, whereas the vector integrated at multiple sites in the genome of stable transformants. The digestion of transformant Gl-21-T2 with SmaI (Fig. 2) suggests at least four sites of plasmid integration. The complex pattern generated by hybridization of the PstI-digested Gl-21-Ti demonstrates multiple integration sites in this transformant as well. The native G. virens 1-tubulin gene in the untransformed Gl-21 was not detected. Similar experiments in which undigested DNAs were run on gels, blotted, and probed revealed that the pBT6 sequences were present in the transformants in an integrated form associated with only the high-molecular-weight chromosomal DNA. They were never detected as a faster-running band. DISCUSSION We developed a transformation protocol for G. virens as a first step in engineering new strains of biocontrol fungi.
Attempts to optimize protoplast production from mycelia by manipulating various factors convinced us that the single most important element in obtaining sufficient protoplasts was the age of the mycelium. We obtained consistently high protoplast yields with young (18-to 24-h liquid culture) mycelia by using a high-density initial inoculum of conidia. Isolation of the protoplasts from the enzyme solution by flotation optimized the yield and viability and facilitated purification from debris. Our selection scheme offers simultaneous osmoticum removal and addition of the selective agent with minimal manipulation of the fragile protoplasts, providing an overnight lag for protoplast recovery, cell wall synthesis, and expression of the heterologous gene. There are other approaches to these problems (6, 10, 24) , but most protocols select for benomyl resistance by overlay procedures (7, 17, 18) . These require additional centrifugation and plating of protoplasts, thus reducing yield, and expose protoplasts to unknown concentrations of osmoticum and benomyl. We observed that protoplasts plated on medium with osmoticum exhibited aberrant morphology after cell wall formation, suggesting that the merit of our selection method is more than simple convenience. Despite intensive efforts, we were unable to recover transformants of intact conidia or germlings of G. virens by using methods developed for intact cells of other fungi (3, 5, 8 ; data not shown). Our discovery of multiple nuclei in conidia ( Fig. 1 ) eliminated any advantage of using protoplasts prepared from these structures. These results are in contrast to previous observations that conidia contained single nuclei (28) , and these results determined that fixation was necessary to stain nuclei with 4',6'-diamidino-2-phenylindole, especially in mature conidia. We found that a 90x oil objective lens (900x total magnification; Leitz, Wetzlar, Federal Republic of Germany) was necessary to resolve more than one nucleus; a 40x NPL Fluotar lens was insufficient. Furthermore, in contrast to work with Trichoderma reesei (31), we were unable to find enzymes and conditions that would digest the wall of mature (pigmented) conidia produced by G. virens. In fact, observations (Mischke, unpublished data) of calcofluor white staining patterns indicated that the mature conidium acquires an outer coat coincident with the development of a green color. This material appears to simultaneously shield cellulosic materials in the conidial wall from fluorescent staining and from enzyme digestion.
The levels of benomyl resistance in the transformants were similar to or higher than those found in other filamentous fungi transformed by N. crassa ,-tubulin (6, 7, 10, 24) .
We obtained transformation frequencies similar to those reported for many other filamentous fungi, including polyethylene glycol-induced transformation to benomyl resistance of Colletotrichum graminicola (18) , Gaeumannomyces graminis (10), Penicillium chrysogenum (24) , and Podospora anserina (7) . Transformation of Colletotrichum trifolii to benomyl resistance (6) yielded at least a 10-fold lower frequency of transformants, and G. virens has been transformed with the HygB gene at higher frequencies than ours, but the methodology incorporated electroporation in addition to polyethylene glycol and calcium (29) . As has been found in a number of other studies, we detected the DNA in transformants only in an integrated form. Abortive transformants, which are colonies that appear initially but fail to survive subsequent transfers to the same selective medium, have not been previously reported for G. virens. Explanations of this phenomenon which assume integration of vector DNA (26, 30 anserina (7) , C. trifolii (6) , and C. graminicola (18) . Based on the demonstration of the high specificity of site-specific integrative transformation observed for two different A. nidulans ,B-tubulin genes (14) , it is unlikely that the native ,B-tubulin gene has been replaced by the 
